Plasmodium vivax is a major public health challenge in Central and South America; the Middle East; Central, South, and Southeast Asia; Oceania; and East Africa, where 2.6 billion people are currently at risk of infection (11) , and 70 to 80 million clinical cases are reported each year (22) . This human pathogen reappeared in Asian countries where eradication efforts had been successful in the 1960s, such as Uzbekistan (30) , Azerbaijan (16) , and the Republic of Korea (18) . In Brazil, P. vivax surpassed Plasmodium falciparum two decades ago as the main cause of malaria morbidity across the Amazon Basin (19) and caused 80% of the 600,000 malaria cases reported in that country in 2005 (Ministry of Health of Brazil, unpublished data). The emergence of resistance to the firstline antimalarial drug chloroquine is a major concern for the current strategies of P. vivax malaria control (1) .
One of the main obstacles to the acquisition of antimalarial immunity is the polymorphism in potential target antigens, which enables parasites to evade immune responses elicited by past exposure to variant forms of the same antigen (6) . The 200-kDa merozoite surface protein 1 (MSP-1) of Plasmodium vivax (PvMSP-1), a target of naturally acquired (25) and vaccine-induced (12, 40) immunity, contains six highly polymorphic domains (four of them repetitive) flanked by fairly conserved sequences (27) (Fig. 1A) . The extensive sequence divergence in variable domains of PvMSP-1 (amino acid similarity, 21 to 34%) has been maintained by balanced selection over 5 million years, most likely as a result of variant-specific immune pressure (28) .
Although domains under balancing selection have been suggested to represent potential candidates for malaria vaccine development (2, 3) , the immune recognition of variable domains of PvMSP-1 and its role in antimalarial immunity remain poorly investigated. A decade ago, Colombian malaria patients were shown to contain antibodies that discriminated between recombinant antigens representing two highly divergent versions of block 6 (20) , but no association was made between antibody response and clinical immunity. More recently, naturally acquired antibodies that recognize a recombinant protein (ICB2-5) encompassing variable blocks 2 and 4 of PvMSP-1 were associated with protection against clinical disease in Brazil (25) , but it remains unknown whether protective antibodies are variant specific, since a single version of these highly polymorphic domains was used in serology, and PvMSP-1 variants have not been characterized in parasites from incident infections.
Here, we analyze the extent to which PvMSP-1 sequence diversity affects the development of antibody responses to this major malaria vaccine candidate antigen. We compare naturally acquired antibody responses to three polymorphic domains and the highly conserved C-terminal domain of PvMSP-1 in a cohort of malaria-exposed rural Amazonians. We measured specific antibodies at the study baseline, in the absence of P. vivax infection, and during subsequent infections. Sequences of the variable domains of PvMSP-1 used in serology were characterized in local parasites circulating before and during the follow-up to confirm that the variants expressed as recombinant antigens match those to which subjects have been exposed. We discuss the relative contribution of antigenic polymorphism, poor immunogenicity, and original antigenic sin (the skew in the specificity of antibodies elicited by exposure to new antigenic variants due to preexisting variant-specific responses) to the observed patterns of antibody recognition of PvMSP-1 variants.
MATERIALS AND METHODS
Study area and population. The study protocol was approved by the Ethical Review Board of the Institute of Biomedical Sciences of the University of São Paulo, São Paulo, Brazil (protocol 318, 2002) . Blood samples for serum separation and DNA extraction were collected during the first 15 months of follow-up (March 2004 to May 2005) of an ongoing, population-based cohort study in an agricultural settlement (Ramal do Granada [9°41ЈS-9°49ЈS, 67°05ЈW-67°07ЈW]) in the eastern part of the state of Acre, northwestern Brazil (see Fig. S1 in the supplemental material). Both P. falciparum and P. vivax are transmitted yearround. The study area, cohort recruitment strategies, and baseline data were described in detail elsewhere previously (31) . Briefly, all households in the area were visited, and 509 residents (98.5% of the entire population of Ramal do Granada), aged between 1 day and 90 years, were enrolled from March to April 2004 (466 subjects [91.6%]) or September to October 2004 (43 subjects [8.4%] ). A questionnaire was given to all study participants to obtain demographic and clinical information and assess their cumulative exposure to malaria. Since most (62.2%) subjects were migrants from malaria-free areas, their ages do not necessarily correlate with exposure to malaria. Cumulative exposure to malaria was therefore estimated as the length of residence in areas where malaria is endemic (either in Acre or elsewhere in Amazonia), while recent exposure to P. vivax was estimated as the number of slide-confirmed P. vivax malaria episodes recorded in the three local malaria diagnosis outposts between January 2001 and March 2004. The 399 study participants aged 5 years or older who had no evidence of P. vivax infection detected by thick-smear microscopy or PCR (15, 39) were considered to be eligible for participation in the serological study. Subjects with P. vivax infection at the baseline (22 infections detected by PCR only and 7 infections detected by both PCR and thick-smear microscopy [total, 29 infections in subjects aged Ն5 years]) were excluded from the serological study because current exposure to the parasite would be a major confounder in the analysis of other determinants (age and cumulative and recent exposure to malaria) of antibody reactivity; 376 (95.7%) eligible subjects had their baseline serum samples tested for antibodies to PvMSP-1.
Malaria surveillance, serum samples, and P. vivax isolates. Malaria episodes were diagnosed during 15 months of follow-up of our cohort population (between March 2004 and May 2005) through both active and passive case detection. For active case detection, all households in the study area were visited 5 days/week by our field team, and blood samples were collected from all subjects who had fever or other symptoms suggestive of malaria since the last visit. Additional malaria episodes were found by passive case detection when symptomatic study participants had a malaria diagnosis confirmed at one of the three government-run malaria outposts in the study area. The combined active and passive case detection strategy identified 157 episodes of symptomatic P. vivax infection confirmed by standardized thick-smear microscopy (38) during the cohort follow-up (489 person-years of follow-up), with an average monthly incidence of 2.67/100 person-months at risk (95% confidence interval [CI], 2.27 to 3.12/100 person-months at risk). P. vivax isolates from 55 (35.0%) infections were obtained for PvMSP-1 gene amplification and sequencing to characterize the PvMSP-1 variants circulating in the study area during the follow-up period. DNA templates for PCR amplification, isolated from 200 l of whole blood using Wizard DNA purification kits according to the manufacturer's instructions (Promega, Madison, WI), were dissolved in 100 l of sterile distilled water and stored at Ϫ20°C. Serum samples were obtained, at the time when acute, incident P. vivax infection was diagnosed, from 40 cohort subjects who were free of infection (17, 24, 25, 32) ; for example, ICB2-5 comprises blocks 1, 2, 3, 4, and 5 defined previously by Putaporntip and others (27) . (B) Location of the 16 recombinant antigens used in this study. Note that antigens corresponding to variable domains of PvMSP-1 comprise stretches of conserved flanking sequence. Block 13 antigen corresponds to ICB10, the C-terminal 19-kDa fragment of PvMSP-1.
at the baseline; levels of antibodies to PvMSP-1 were compared with those measured at the study baseline. To characterize the PvMSP-1 variants to which our study population had recently been exposed, prior to the cohort follow-up, we analyzed 27 P. vivax isolates collected in July 1999 from patients attending malaria clinics in the nearby towns of Acrelândia and Plácido de Castro (see Fig.  S1 in the supplemental material). DNA templates for PCR amplification, isolated from 200 l of whole blood using GFX genomic blood DNA purification kits (Amersham Pharmacia Biotech, Piscataway, NJ), were dissolved in 100 l of sterile distilled water and stored at Ϫ20°C (7) until used for PvMSP-1 gene amplification and sequencing.
PvMSP-1 gene amplification and sequencing. The analysis of sequence diversity and antibody recognition of PvMSP-1 focused on three polymorphic domains (blocks 2, 6, and 10) (Fig. 1 ) located in different parts of the molecule. Block 2 is the longest stretch of variable sequence contained in ICB2-5, a recombinant antigen recently shown to be targeted by naturally acquired protective antibodies (25) . The centrally located block 6 is the most polymorphic block of PvMSP-1 (27) , but little is known about the variant specificity of naturally acquired antibodies to this domain (20) . Although block 10 is the longest stretch of variable sequence in the C-terminal part of PvMSP-1 (Fig. 1) , no data are currently available about its immune recognition. These polymorphic domains of the PvMSP-1 gene were amplified with the following primers that target conserved flanking sequences (27) ) ; thermal cycling started with a 5-min incubation at 95°C, followed by 35 cycles of 94°C for 30 s, 55°C for 1 min, and 72°C for 1 min, with a final 10-min extension step at 72°C. PCR products were purified with GFX PCR purification kits (Amersham Pharmacia Biotech) and sequenced on both strands with BigDye v3.1 terminator chemistry (Applied Biosystems, Foster City, CA) using the forward and reverse primers described above (27) . When PCR yielded two or more bands with different sizes, these bands were excised from agarose gels after electrophoretic separation, purified as described above, and sequenced separately. Sequencing reaction products were analyzed on an ABI 3100 automated DNA sequencer (Applied Biosystems). A total of 53 block 2 sequences, 69 block 6 sequences, and 59 block 10 sequences were obtained and analyzed.
PvMSP-1 alleles for antigen expression. Six versions of block 2 (amplified from isolates Belém, BP29, BP39, BP13, BR07, and BP30), four versions of block 6 (from isolates Belém, BP39, BR07, and BP01), five versions of block 10 (from isolates BP29, BP39, BP13, BR07, and BP01), and one version of block 13 (from isolate Belém) of PvMSP-1 were selected for the expression of recombinant antigens (Fig. 1B) . Block 2 antigens comprise the whole sequence of block 2 and short stretches of the conserved blocks 1 and 3. Block 6 antigens comprise the whole sequence of block 6 and short stretches of the conserved blocks 5 and 7. Block 10 antigens comprise the whole sequence of block 10, the 3Ј half of the conserved block 9, and a short stretch of the conserved block 11. Finally, the single block 13 antigen comprises the 3Ј half of the conserved block 13, which corresponds to the 19-kDa product of the secondary enzymatic processing of PvMSP-1, also known as ICB10 or PvMSP-1 19 (25, 32) , which remains attached to the merozoite surface at the time of red blood cell invasion (9) . This region has been shown to be invariant in Brazilian isolates of P. vivax (33) . Table S1 in the supplemental material gives the precise locations of the fragments expressed as recombinant antigens in the PvMSP-1 nucleotide sequence of isolates Belém, BP29, BP39, BP13, BR07, BP30, and BP01 available in the GenBank database, while Recombinant antigen expression. For expression as recombinant proteins fused to the C terminus of Schistosoma japonicum glutathione S-transferase (GST), DNA coding for blocks 2, 6, 10, and 13 of PvMSP-1 was reamplified by PCR (as described above) from purified whole-gene amplicons kindly supplied by Somchai Jongwutiwes and Chaturong Putaporntip (Chulalongkorn University, Bangkok, Thailand). PCR products were cloned into the pCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA) and subcloned into the expression vector pGEX-3X from Amersham Pharmacia Biotech (blocks 2, 10, and 13) or pGEX-3Y, created from pGEX-3X by BamHI cleavage and subsequent blunting with Klenow polymerase (block 6). Recombinant proteins were expressed by transformed Escherichia coli (strain DH10B) and purified by affinity chromatography as described previously (36) . GST was purified from E. coli transformed with the pGEX-3X vector lacking the PvMSP-1 insert for use as a control antigen in serology. The purity of recombinant proteins was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (see Fig. S3 in the supplemental material); their recognition by control sera from malaria-exposed subjects was confirmed by Western blotting.
Enzyme-linked immunosorbent assay (ELISA) for IgG and IgM antibodies. Assays with all recombinant antigens (including the GST control) were performed essentially as described previously (37 Statistical analyses. A database was created with SPSS 13.0 (SPSS Inc., Chicago, IL). Correlations were assessed with coefficients obtained with Spearman nonparametric correlation models. Statistical significance was defined at the 5% level. Multiple logistic regression models with stepwise backward deletion were built to describe independent associations between covariates and the presence of antibodies to PvMSP-1 at the study baseline. Age, gender, and other variables associated with P values of Ͻ0.20 in unadjusted analysis were included in logistic regression models. Because the data have a nested structure, where individuals are nested within households, the assumption of independence of observations underlying standard logistic regression analysis was violated. We therefore used two-level logistic models with individual-level covariates (age, gender, time of residence in Amazonia, and recent slide-confirmed episode of P. vivax malaria) and household level covariates (socioeconomic status estimated by use of an asset index [8] and sector of residence within the study area). Malaria transmission is heterogeneously distributed across the Ramal do Granada because of different patterns of land use and deforestation rates. To adjust for these differences in logistic models, we divided the study area into four relatively homogeneous sectors with increasing malaria incidence: sector A (0.46 P. vivax episodes/ 100 person-months at risk between March 2004 and May 2005), sector B (0.79 P. vivax episodes/100 person-months at risk), sector C (3.44 P. vivax episodes/100 person-months at risk), and sector D (9.71 P. vivax episodes/100 person-months at risk). The HML software package (version 6.03; Scientific Software International, Lincolnwood, IL) was used for multilevel analysis. Only variables associated with statistical significance at the 5% level were maintained in the final models.
Nucleotide sequence accession numbers. DNA sequences obtained during this study were deposited into the GenBank database under accession numbers EF651844 to EF651876.
infections; 133 (35.4%) subjects had at least one symptomatic P. vivax malaria episode diagnosed by passive case detection between January 2001 and March 2004. Table 1 shows the proportions of subjects with IgG and IgM antibodies to recombinant antigens representing different PvMSP-1 domains and variants. Variable domains of blood-stage antigens of P. falciparum, such as PfMSP-1 (13) and PfMSP-2 (35), are usually immunodominant, but here, we show that most malaria-exposed subjects had IgG antibodies to the C-terminal region of PvMSP-1, which is conserved, while less than one-third of them had IgG antibodies to at least one of the variants representing variable blocks of the same antigen.
We next assessed pairwise Spearman's correlations between levels of IgG antibodies (measured as RIs) and different variants belonging to the same PvMSP-1 block. Correlation coefficients varied widely, with the highest estimates usually obtained for pairs of antigens with relatively similar amino acid sequences (Tables 2 to 4 ). For example, BP13-BP29 and Belém-BP39 are the pairs of block 2 antigens with the highest proportion of amino acid identity (96.4% and 93.0%, respectively) and with the highest pairwise correlation coefficients for IgG levels (0.675 and 0.589, respectively) ( Table 2 ). These findings suggest that a substantial proportion of naturally acquired IgG antibodies recognize polymorphic sequences within the recombinant antigens representing blocks 2, 6, and 10 of PvMSP-1 instead of the flanking conserved sequences that are shared by all variants of the same block.
We also investigated how cumulative or recent exposure to malaria affected antibody recognition of PvMSP-1. First, we calculated Spearman's regression coefficients between levels of IgG antibodies (measured as RIs) and time of residence in Amazonia (range, 30 days to 72 years). We found significant correlations (P Ͻ 0.05) with levels of IgG antibodies to the BP39 version of block 2 ( ϭ 0.107), the BR07 and BP01 versions of block 6 ( ϭ 0.108 and ϭ 0.137, respectively), and the BR07 and BP29 versions of block 10 ( ϭ 0.138 and ϭ 0.125, respectively), showing that levels of IgG antibodies to at least some variable domains correlate with cumulative exposure to malaria. Next, we found that the number of slide- We used multiple logistic regression models to determine whether cumulative or recent exposure to malaria predicted the presence of IgG antibodies to PvMSP-1 after controlling for several covariates putatively associated with malaria risk in our population, such as age, gender, place of residence, and socioeconomic status. The number of years of residence in Amazonia, a surrogate measure of cumulative exposure to malaria, was a strong predictor of the presence of IgG antibodies to at least one version of blocks 6 and 10 (adjusted odds ratio, 1.04; 95% CI, 1.02 to 1.07; P ϭ 0.001 [identical results for blocks 6 and 10]). In other words, each additional year of exposure to malaria increased the probability of having IgG antibodies to at least one block 6 or block 10 antigen by 4% (95% CI, 2 to 7%). Recent exposure to P. vivax, as inferred by the occurrence of at least one slide-confirmed P. vivax infection between January 2001 and March 2004, was a strong predictor of the presence of IgG antibodies to block 13 at the study baseline (adjusted odds ratio, 4.16; 95% CI, 2.41 to 7.18; P Ͻ 0.0001) but not to other antigens. As expected, the sector of residence was also significantly associated with the presence of IgG antibodies in all models. We conclude that cumulative exposure to malaria predicted the presence and levels of IgG antibodies to many PvMSP-1 variants, while recent exposure to malaria was a strong predictor of the presence and levels of IgG antibodies to the C-terminal region of PvMSP-1.
Local repertoire of PvMSP-1 variants. To determine whether the poor recognition of variable domains of PvMSP-1 at the study baseline resulted from a mismatch between the sequences of recombinant antigens and those actually found in local parasites, we sequenced blocks 2, 6, and 10 of the PvMSP-1 gene from local P. vivax isolates circulating before Fig. 2, 3 , and 4. We found 8 unique block 2 sequences, 14 unique block 6 sequences, and 11 unique block 10 sequences. Note that none of these blocks can be defined as strictly dimorphic (i.e., not all sequences can be grouped as either Belém type [5] or Salvador-I type [10] ), since some sequences clearly diverge from both putative prototypes, and many of them are generated by recombination between the prototypes (27) . Sequences of four block 2 antigens (BP29, BP39, BP13, and BR07), two block 6 antigens (BP39 and BR07), and three block 10 antigens (BP39, BP13, and BR07) used in serological analyses were found in local parasites; the remaining antigens were very similar (amino acid similarity, 91.2 to 98.2%), although not identical, to at least one of the variants found in local isolates (Fig. 2 to 4) . These results suggest that the panel of recombinant antigens used in serology properly represents the repertoire of PvMSP-1 variants to which subjects have been exposed before and during the study. As a consequence, the poor recognition of the block 2, block 6, and block 10 antigens at the study baseline cannot be ascribed to the fact that subjects are rarely exposed to these or quite similar PvMSP-1 variants.
Although all PvMSP-1 sequence types expressed as recombinant antigens were identical or quite similar to those circulating in local parasites, the reverse is not necessarily true: some relatively common local PvMSP-1 variants differed substantially from the sequence types represented in the panel of recombinant antigens. For example, the amino acid identity between block 2 sequence type I, which was particularly abundant (35.5%) among parasites collected from 2004 to 2005 (Fig. 2) , and the most similar block 2 recombinant antigen, BP30 (see Fig. S2 in the supplemental material) , is only 83.0%. (Fig. 4) and the most similar block 10 recombinant antigen, BP29 (see Fig. S2 in the supplemental material), are only 78% identical at the amino acid level. Therefore, the recombinant antigens used in serology cover only part of the repertoire of sequences of blocks 2, 6, and 10 found in local parasites. Interestingly, however, we found no clear association between the abundance of a given PvMSP-1 sequence type in 1999 or 2004 to 2005 and the proportion of responders to the corresponding recombinant antigen at the study baseline. For example, the BP1 version was the most frequently recognized block 6 variant at baseline (24.2% subjects had detectable IgG antibodies) ( (Fig. 3) . In addition, block 2 sequence type III was the most abundant variant in both 1999 and 2004 to 2005 (Fig. 2) but was recognized by IgG antibodies from only 15.7% of study subjects at baseline (the corresponding recombinant antigen is BP39) ( Table 1) . In fact, all block 2 antigens were recognized by similar proportions of subjects (Table 1) irrespective of the relative abundance of the corresponding sequences in local parasites.
The proportion of responders to a given PvMSP-1 variant at the study baseline did not predict the risk of subsequent infections with parasites carrying that variant. For example, although block 10 antigens BR07 and BP39 were recognized by 13.8% and 9.8% of subjects at baseline (Table 1) , their sequences (types V and IX) accounted for 29 of 50 (58.0%) block 10 variants observed in subsequent infections (Fig. 3) . Conversely, the poor recognition of block 10 antigen BP13 at baseline (only 4.0% of subjects had specific IgG antibodies) ( Table  1) did not translate into an increased risk of subsequent infection with parasites carrying the corresponding sequence (type IV), which was found in only 2 of 50 (4.0%) isolates analyzed from 2004 to 2005 (Fig. 4) . However, the number of infections with known PvMSP-1 variants is too small for meaningful statistical analyses.
Antibody recognition of PvMSP-1 variants during P. vivax malaria episodes. Most or all serum samples from subjects experiencing acute P. vivax infection had IgG antibodies recognizing at least one variant of each block analyzed; the proportions of responders were 91.3% (21 of 23) for block 2 antigens, 78.6% (22 of 28) for block 6, and 100% (27 of 27) for block 10 (Fig. 5) . These results suggest that the low proportion of responders detected at the study baseline, in the absence of P. vivax infection, cannot be ascribed to the poor immunogenicity of these variable domains. However, IgG antibodies present during acute infections often failed to match the PvMSP-1 variant characterized in infecting parasites while recognizing other, structurally nonrelated variants.
The most frequent block 2 sequences found in 23 acute on February 27, 2014 by PENN STATE UNIV http://cvi.asm.org/ malaria episodes with serum samples available for serology were types II and III (Fig. 5A) , which are identical to those of antigens BR07 and BP39, respectively (Fig. 2) . All seven subjects exposed to type II block 2 recognized the homologous antigen BR07, but only two of eight subjects exposed to type III block 2 sequences had detectable IgG antibodies to the homologous antigen BP39. These subjects who failed to mount IgG responses to BP39, despite the documented exposure to type III sequences, also failed to generate IgM antibodies to the same antigen (see Fig. S4 in the supplemental material). Comparable differences were found in the homologous recognition of block 6 antigens. Block 6 sequence types I and VII are identical to block 6 antigens BR07 and BP39 (Fig. 3 ), but only 3 of 10 subjects exposed to sequence type I had detectable IgG antibodies to the homologous antigen BR07, while four of five subjects exposed to the homologous antigen BP39 had specific antibodies (Fig. 5B ). None of them had IgM antibodies to BR07 or BP39 (see Fig. S4 in the supplemental material). Block 10 antigens BR07 and BP39 match block 10 sequence types V and IX (Fig. 4) ; all subjects exposed to these sequence types had IgG antibodies to the homologous antigen, but they usually recognized other, unrelated variants as well (Fig. 5C ). These findings are not unexpected, since block 10-derived recombinant proteins include the 3Ј half of the conserved block 9 (Fig. 1B) , which may contain common B-cell epitopes. Data shown in Fig. 5 do not reveal a clear association between patterns of IgG antibody responses to PvMSP-1 variants during acute P. vivax infection and cumulative exposure to malaria (measured as the time of residence in Amazonia), although the sample size is too small for formal statistical testing. The high immunogenicity of conserved block 13 (PvMSP-1 19 ) (32) was confirmed in our population: 37 of 40 (92.5%) serum samples collected during acute P. vivax infections had detectable IgG antibodies. The proportions of acute-phase samples with detectable IgM antibodies recognizing at least one variant of each block were low: 17.4% for block 2, none for block 6, and 44.4% for block 10 (see Fig. S4 in the supplemental material).
Only 4 of 40 subjects tested (5.0%) had IgM antibodies to block 13. Data shown in Fig. 5 do not support the original antigenic sin hypothesis, since there is no evidence that successive infections with different variants might boost preexisting antibody responses instead of generating antibodies with new specificities (34) . For example, subjects 463 and 316 had IgG antibodies to block 2 variants other than BR07 at baseline but were able to seroconvert to BR07 when exposed to parasites carrying the type II sequence, while subject 373, who failed to seroconvert to BP39 when exposed to the homologous type III sequence, did not present a boost of preexisting heterologous antibodies (Fig. 5A) . Although the small number of subjects with detectable IgG antibodies at baseline limits the power of this analysis, our data suggest that the original antigenic sin hypothesis (34) is unlikely to account for the observed mismatches in the variant specificities of IgG antibodies to PvMSP-1 elicited during acute P. vivax infections.
DISCUSSION
One of the critical issues when designing PvMSP-1-based subunit vaccines is to determine whether sequence polymorphism translates into variant-specific immunity. The notion that protective immunity targets predominantly highly poly- showing that these variable domains are selected, in a variantspecific manner, in mice previously immunized with parasites carrying heterologous MSP-1 variants (21) . However, the recognition of variable domains of PvMSP-1 by naturally acquired antibodies remains poorly investigated. Here, we show that a panel of recombinant proteins corresponding to PvMSP-1 variants commonly found in local parasites was poorly recognized by noninfected subjects who are exposed to malaria in rural Amazonia (Table 1) . Few subjects had detectable IgG antibodies to at least one of the several variants of blocks 2, 6, and 10 expressed as recombinant proteins, although most of them recognized the conserved C-terminal domain of PvMSP-1. The mechanisms underlying the limited immune recognition of antigenic variants that are known to circulate in a given area of endemicity remain unclear. Sequence polymorphism has surely affected the analysis of antibody recognition of PvMSP-1 variants, since the panel of recombinant antigens did not include the whole repertoire of PvMSP-1 variants found in local parasites ( Fig. 2 to 4 ). In addition, variable antigens may be poorly immunogenic or may elicit antibody responses that are shortlived in the absence of frequent boosting (23) . The proportion of responders to PvMSP-1 variants increased substantially during subsequent P. vivax infections, suggesting that the poor immunogenicity of variable domains may not represent a major obstacle to variant-specific immunity (Fig. 5) . Acute-phase antibody responses to block 10 antigens were particularly strong compared to those to the other variable domains analyzed despite the fact that several block 10 variants found in local parasites were not included in the panel of recombinant proteins used for serology (variants I, II, III, VII, and VIII) (Fig. 4) . Because the block 10 recombinant antigens contain a long stretch of conserved sequence (see Fig.  S2 in the supplemental material), these antibodies may be either cross-reactive among different variable domains or directed against conserved epitopes within these recombinant antigens. The poor correlation observed between the baseline levels of IgG antibodies to the block 10 antigens BP29 and BP01 (Table 2) suggests that the conserved sequences included in these antigens may not be a major target of naturally acquired antibodies.
However, the specificity of acute-phase IgG antibodies did not necessarily match the PvMSP-1 variants found in infecting parasites. These mismatches, which have also been observed in antibodies to P. falciparum MSP-1 (4, 29), might be explained (i) by the presence of PvMSP-1 variants in infecting parasites that were missed during the typing procedure, (ii) by the presence of IgG antibodies generated following recent infections with other PvMSP-1 variants, which remained undetected during the follow-up, (iii) by the generation of IgM-restricted antibody responses to some PvMSP-1 domains (24), particularly during the early phase of infection, or (iv) by clonal imprinting or antigenic original sin. We next examine these hypotheses in greater detail because of their possible implications for naturally acquired immunity and malaria vaccine development.
The first hypothesis has been suggested to explain similar mismatches of antibody specificity in P. falciparum infections, since parasites carrying some antigenic variants may be missed by typing procedures (the so-called "hidden genotypes") because they are sequestered in deep organs or in the placenta at the time of blood collection. We argue that hidden genotypes are very unlikely to be present in our P. vivax isolates. First, since deep organ sequestration does not occur in P. vivax infection, all variants present in a given isolate are expected to circulate in the peripheral blood, being accessible to PCR amplification and subsequent DNA sequencing. Second, additional PvMSP-1 alleles present in our isolates would have affected the quality of DNA sequencing of uncloned PCR products. The comparison of IgG and IgM responses to individual PvMSP-1 variants lends little support to the third hypothesis, since all P. vivax-infected subjects who failed to generate IgG antibodies to homologous antigens (Fig. 5 ) also failed to produce specific IgM antibodies to the same antigens (see Fig. S4 in the supplemental material). No definitive conclusion can be drawn, from our results, about the last hypothesis, since the numbers of individuals and sequential serum samples examined are limited. However, we found no evidence for antibodies with fixed specificity to some PvMSP-1 variants being detected in sequential serum samples (Fig. 5) , as it would be expected under the clonal imprinting hypothesis (34) . In fact, most mismatches did not result from the persistence of preexisting heterologous antibodies since the study baseline but rather resulted from seroconversions to heterologous antigens. Therefore, it seems more parsimonious to explain the frequent mismatches between the PvMSP-1 sequence found in infecting parasites and the antigenic variants recognized by IgG antibodies as a consequence of undetected infections with other variants that occurred between the study baseline and the subsequent blood draws.
We suggest that the acquisition of IgG antibody responses to variable (blocks 2, 6, and 10) and conserved (block 13) domains of PvMSP-1 in malaria-exposed subjects may be determined by different factors. The presence of naturally acquired IgG antibodies to ICB2-5, a recombinant antigen comprising three conserved blocks (blocks 1, 3, and 5) and two variable blocks (blocks 2 and 4) of the Belém PvMSP-1 allele, but not the recognition of the conserved PvMSP-1 19 domain, was recently associated with cumulative exposure to malaria in Brazil (25) . Interestingly, previous analyses suggested that antibodies to the recombinant protein ICB2-5 recognize predominantly its variable domains, blocks 2 and 4 (17) . A similar association between cumulative exposure to malaria and antibody levels was found for variable PvMSP-1 domains in our population. In contrast, recent, rather than cumulative, exposure to P. vivax was associated with IgG antibody recognition of PvMSP-1 19 in our noninfected subjects assessed at the study baseline. These differences may be relevant for malaria vaccine development, since natural exposure to the parasite is expected to boost immune responses elicited by immunization to maintain longterm protection. Although there are persuasive data showing that antibodies to MSP-1 may confer protection against malaria, the relative contribution of different targets to antibodymediated protection remains unclear. The conserved 19-kDa domain of P. falciparum MSP-1 is a major target of naturally acquired antibodies that inhibit parasite growth in vitro (26) and reduce the risk of subsequent infection (14) , but antibodies to the highly polymorphic block 2 domain of MSP-1 also seem to provide clinical protection (3). Our data suggest that antibodies to the local repertoire of variable domains of PvMSP-1 are elicited after several repeated infections and require frequent boosting, while those to PvMSP-1 19 are more frequently detected in noninfected subjects, possibly because of their longer half-life.
This study has several limitations. First, further testing of hypotheses about the development of variant-specific antibody responses to PvMSP-1 is restricted by the relatively small number of consecutive serum samples, which were obtained during most, but not all, P. vivax infections experienced by each subject during the follow-up. Second, these sera were tested against a panel of recombinant antigens representing a limited number of variants of only three of six variable domains of PvMSP-1; antibody responses to variants of blocks 4, 8, and 12 have not been investigated. Third, to characterize the repertoire of PvMSP-1 variants to which the study subjects have been exposed, we were able to partially sequence a relatively small number of alleles. Fourth, the study does not have enough power to test whether the presence of variant-specific antibodies conferred protection against P. vivax isolates carrying homologous PvMSP-1 variants. Despite these limitations, we have provided a detailed description of naturally acquired variant-specific antibody responses to PvMSP-1. The ongoing follow-up of our cohort of malaria-exposed subjects in rural Amazonia may provide further biological material and epidemiological data for additional, in-depth analyses of naturally acquired immunity and clinical protection against P. vivax. 
